Steady increase in the incidence of atherosclerosis is becoming a major concern not only in the United States but also in other countries. One of the major risk factors for the development of atherosclerosis is high concentrations of plasma low-density lipoprotein, which are metabolic products of very low-density lipoprotein (VLDL). VLDLs are synthesized and secreted by the liver. In this review, we discuss various stages through which VLDL particles go from their biogenesis to secretion in the circulatory system. Once VLDLs are synthesized in the lumen of the endoplasmic reticulum, they are transported to the Golgi. The transport of nascent VLDLs from the endoplasmic reticulum to Golgi is a complex multistep process, which is mediated by a specialized transport vesicle, the VLDL transport vesicle. The VLDL transport vesicle delivers VLDLs to the cis-Golgi lumen where nascent VLDLs undergo a number of essential modifications. The mature VLDL particles are then transported to the plasma membrane and secreted in the circulatory system. Understanding of molecular mechanisms and identification of factors regulating the complex intracellular VLDL trafficking will provide insight into the pathophysiology of various metabolic disorders associated with abnormal VLDL secretion and identify potential new therapeutic targets. (Arterioscler Thromb Vasc Biol . 2012;32:1079-1086 .)
T he biogenesis of very low-density lipoproteins (VLDLs) and their secretion into the circulatory system by the liver is a complex but highly controlled process that plays an important role in overall lipid homeostasis. Enhanced production of VLDLs and their eventual secretion into the circulatory system constitute one of the major risk factors for the development of atherosclerosis. 1, 2 Higher concentrations of VLDLs in the blood are often translated into higher levels of atherogenic particles, low-density lipoproteins (LDLs). Interestingly, the production of VLDLs needs to be synchronized with their secretion to avoid adverse consequences such as hepatic steatosis. 3 These 2 clinical scenarios arising from abnormal assembly and secretion of VLDLs underscore their importance. From their production to secretion, VLDLs go through several complex intracellular processes that determine the rate of secretion in the circulation. A number of factors have been well documented in literature, which affect VLDL assembly and secretion. 12, 13 Of particular interest is insulin resistance, which is generally described as decreased physiological response to circulating insulin by the liver, skeletal muscle, and adipose tissue. 14 Insulin resistance leads to enhanced VLDL synthesis and secretion; 12, 13 however, its effects on intracellular VLDL trafficking have not been investigated.
In this review, we focus on intracellular trafficking of nascent VLDLs, particularly their movement from their site of synthesis, the endoplasmic reticulum (ER) to the cis-Golgi because this step is crucial for their secretion and abnormalities associated with this process lead to various clinical disorders. Also, we highlight differences in the intracellular transports of VLDLs and their small intestinal counterparts, the chylomicrons.
Biogenesis of VLdL
One of the major functions of the liver is to synthesize VLDLs and this process primarily relies on the availability of triglycerides. [4] [5] [6] [7] Triglycerides used for VLDL assembly are synthesized in the ER lumen in a preventive response to free fatty acids influxes. There are mainly 3 sources that supply free fatty acids to the liver: (1) free fatty acids from adipocytes; (2) chylomicron remnants; and (3) from the intestine via the portal vein. Nascent VLDLs produced in the liver are composed of a core of neutral lipids (mostly triglycerides), which is surrounded by phospholipids, cholesterol, cholesteryl esters, and specific apolipoproteins. 8 The size of newly synthesized VLDL particle ranges between 35 to 100 nm in diameter. 9 Of several apolipoproteins, apolipoprotein B (apoB) is the most important and provides structural stability to the nascent VLDL particle. 10 ApoB is an essential structural component of VLDL, intermediate-density lipoprotein, LDL, and chylomicrons. 11, 12 It is a large amphipathic glycoprotein and exists in 2 forms: apoB100 and apoB48. ApoB100 is the fully translated protein consisting of 4536 amino acids and has a molecular mass of 515 kDa. 15 ApoB48 is the truncated form (48%) of the full-length apoB and contains 2152 amino acid residues. ApoB48 is synthesized as a result of apobec-1 mediated site-specific mRNA editing that produces a stop codon. 16, 17 In humans, apoB100 is expressed in liver and is the key structural protein of VLDL, intermediate-density lipoprotein, and LDL, whereas apoB48 is primarily synthesized by the intestine and is a major structural protein of chylomicrons. [18] [19] [20] However, rodent liver synthesizes both apoB100 and apoB48. 21 Using a computer program, Segrest et al proposed that apoB100 has a pentapartite structure (NH 2 -a 1 - 1 -a 2 - 2a 3 -COOH) consisting of 2 amphipathic a-helices and 2 amphipathic -sheet domains. 22 The N-terminal sequence (1000 amino acids) of apoB100, in conjunction with microsomal triglyceride transfer protein, forms a lipid binding pocket. 23 Like other secretory proteins, apoB is synthesized at the ER surface and is targeted to the ER by its N-terminal 27-amino acids sequence, which acts as a signal-peptide. Translocation of apoB into the ER lumen occurs through translocons simultaneously with its translation, however, there is evidence that suggest translocation of apoB is not continuous. 24, 25 The biogenesis of VLDL occurs in the lumen of the ER and this process is accomplished in 2 steps. 26, 27 The formation of VLDL starts with the translocation of newly translated apoB100 across the rough ER membrane. In the first step, nascent apoB100 is partially lipidated to form a lipid-poor primordial VLDL particle. This step is facilitated by microsomal triglyceride transfer protein (MTP). 28 MTP is a lipid transfer protein and is shown to have 3 domains: (1) an apoB-binding domain; (2) a lipid transfer domain; and (3) a membrane association domain. [29] [30] [31] MTP is able to transfer both neutral and polar lipids to the developing VLDL particle, however, recent data from the Hussain's group clearly indicate that the phospholipid transfer domain of MTP can alone generate VLDL particles. 32 Lipidation of apoB depends on the availability of triglycerides; without lipidation a significant amount of nascent apoB gets degraded. 7, 33, 34 Independent of its translational status, nascent apoB can undergo degradation by different processes. 34, 35 In the absence of sufficient lipids, it can undergo degradation cotranslationally in the ER lumen where cytosolic chaperons like hsp70 and hsp90 direct it to the proteasome for degradation. 36, 37 Additionally, it can undergo a proteasome-independent posttranslation degradation, which can be stimulated by n-3 fatty acids and insulin. 7 In addition to MTP, Hsp110 has been shown to prevent apoB from degradation. 38 In the second step of VLDL formation, the primordial VLDL particle fuses with triglyceride-rich particles already present in the cytosol. The role of MTP activity at this step is debated. 8, 39 Recently, it has been proposed that cideB (a homolog of cell death-inducing DFF45-like effector) protein also plays a role in the lipidation of the apoB100-containing poorly lipidated primordial VLDL particle. 40
er-exit of VLdL
The movement of nascent VLDLs from the site of their biogenesis, the ER, to their next destination, the cis-Golgi, is prerequisite for their ultimate secretion from hepatocytes. Because of their large size (average diameter 80 nm), it is highly unlikely that VLDL particles can move across the ER membrane because of physical restraints. Moreover, VLDLs need to be directed to the cis-Golgi to avoid their delivery to a random intracellular compartment. This suggests that VLDLs may require specialized transport machinery for their export from the ER to the cis-Golgi. Transport of nascent proteins from the ER to the cis-Golgi along the secretory pathway involves their exit from the ER and delivery to the Golgi. 41 These newly synthesized proteins are packaged into protein transport vesicles (PTVs), which bud off from the ER membrane, traverse the ER-Golgi intracellular space, and fuse with the Golgi. The size of these vesicular carriers, however, ranges between 55 to 70 nm in diameter, limiting their ability to accommodate VLDL-sized particles. 42 The biogenesis of PTV that transports nascent proteins from the ER to the Golgi is mediated by the orderly recruitment of a specific set of cytosolic proteins to the ER membrane. These proteins form a protein complex, known as coat protein complex II (COPII) on the ER membrane, which leads to cargo selection and vesicle formation. 41, 43 The assembly of the COPII coat occurs at distinct sites on the ER membrane, called ER exit sites. 44, 45 The formation of COPII begins with the conversion of Sar1-GDP to Sar1-GTP, which is facilitated by Sec12, a guanine nucleotide exchange factor for Sar1, localized to the ER membrane. 42, [46] [47] [48] [49] Sec12-mediated conversion of Sar1 triggers the exposure of its a-helical element, which in turn inserts into the ER membrane. 50, 51 Once attached to the ER membrane, Sar1 recruits Sec23 and Sec24 as a heterodimer to the ER membrane. The Sec23-Sec24 complex forms the inner layer of the COPII coat, which plays a major role in cargo selection. [52] [53] [54] The Sar1-Sec23-Sec24 complex attached to the ER membrane is generally referred as the prebudding complex and recruits Sec13 and Sec31 as a heterotetramer to the ER membrane. The Sec13-Sec31 heterotetramer forms the outer layer of the COPII coat and triggers membrane deformation leading to vesicle formation. 55, 56 In an elegant study using cryo-electron microscopy, Balch and his colleagues have delineated the structure of the COPII coat and suggested that the geometry of the COPII coat possesses sufficient flexibility to form enlarged vesicles which can accommodate cargoes of up to 100 nm in size. 55 One interpretation of their data could be that VLDL can travel in PTVs on their way to the cis-Golgi. Although PTVs have been suggested to be able to accommodate VLDL-sized particles, recent studies suggested that VLDLs exit the ER differently than newly synthesized proteins. Independent studies from the Fisher's group and our laboratory clearly indicate that VLDL does not exit the ER in canonical COPII vesicles. 57, 58 
Formation of VLdL transport Vesicles
Unlike chylomicrons, the lipoproteins produced in small intestine, VLDLs depart the ER in COPII-dependent fashion. 58, 59 tiwari and siddiqi intracellular VLdL trafficking 1081
In an effort to find out how nascent VLDLs leave the ER in primary hepatocytes, an in vitro ER-budding assay was established to follow their transport from the ER. This cell-free in vitro system allowed us to monitor the ER-exit of both nascent VLDLs and newly synthesized proteins simultaneously. 58 These studies revealed that the newly synthesized hepatic secretory protein, albumin, and VLDL exit the hepatic ER separately in 2 different vesicles ( Figure) . The transport of albumin utilizes the classical COPII-coated PTVs whereas VLDL departs the ER in a specialized vesicle, theVLDL transport vesicles (VTV). The size of VTV ranges between 100 to 120 nm in diameter, suitable to comfortably contain VLDL-sized cargo. 58 (5) is able to fuse with hepatic cis-Golgi to deliver its cargo, the VLDL.Gusarova et al suggested that newly synthesized apoB100 is exported from the ER to the Golgi in a COPII-dependent manner in rat hepatoma cells, McA-RH7777; however, vesicles containing apoB100 appeared to be different than bona fide COPII vesicles. 57 The size of these vesicles was relatively smaller; one possibility is that McA-RH7777 cells produce relatively smaller or lipid-poor VLDL particles that can be accommodated in smaller vesicles. Despite the 2 cargoes being transported in different vesicles simultaneously, the same initiator of ER vesicle budding, Sar1, is used by both types of vesicles. 57, 58 It is possible that different proteins are involved with the selection of cargo for each of the two types of transport vesicles. Proteins mediating VLDL-selection into VTVs remain to be identified. Sar1, a COPII component that initiates the process of vesicle generation, is required for VTV formation because Sar1-depleted systems fail to generate VTVs. 58 The clinical relevance of COPII components specifically Sar1, and its role in intracellular lipid trafficking has recently been demonstrated by several groups. [60] [61] [62] Using proteomic approach, the Adeli's group has found that the expression of Sar1 associated with PCTV is increased in insulin-resistant mice, which is consistent with increased secretion of intestinal lipoproteins, chylomicrons. 63, 64 It is likely that Sar1 expression is upregulated in liver under insulin-resistant state because VLDL secretion is greatly enhanced under this pathophysiological condition, however, further studies are required to substantiate this thesis.
Several mutations have been reported in Sar1b in patients suffering from the rare condition, chylomicron retention disease. [60] [61] [62] Interestingly, the loss of Sar1b function by described mutations led to the enhanced expression of Sar1a in these patients. 62 More recently overexpression of Sar1b has been demonstrated to upregulate a number of genes, which are directly involved in lipid metabolism. Data emanating Figure. VLDL transport from the endoplasmic reticulum (ER) to the Golgi in hepatocytes. The assembly of VLDLs occurs in the lumen of the ER. After their biogenesis in the ER lumen, VLDLs are packaged into specialized vesicles known as VLDL transport vesicles (VTVs). The average diameter of the VTVs is 110 nm, which is sufficient to enclose VLDL-sized particles. VTVs bud off the ER membrane and move to and fuse with the cis-Golgi, delivering their VLDL cargo to the Golgi lumen. Proteins involved in VLDL-selection into VTV and VTV-Golgi docking are not known yet. Nascent proteins are transported from the ER to the Golgi protein transport vesicles (PTVs). Their size ranges between 55 and 70 nm. Although biogenesis of both VTVs and PTVs from the ER membrane requires coat protein complex II (COPII) machinery, different homologs of Sar1 are required for their budding process (shown in bold). VTVs are, however, different from PTVs in their size, buoyant density, cargo, protein composition, and require a unique set of SNARE proteins for fusion-complex formation. from the Levy's group show that overexpression of Sar1b in Caco2 cells, a human colon cancer cell line, induces the expression of several proteins including apoB, apoAIV, SREBP-1c, and MTP resulting in an increased production of triglycerides and chylomicrons. 65 Little is known about the regulation of VTV biogenesis; however, the requirement of ATP in this process indicates a role for a kinase and/or phosphorylation event. Studies using H89, a nonselective inhibitor of protein kinase A revealed that H89 significantly abrogated VTV budding. 58 Hence, it is possible that protein kinase A regulates VTV formation; more studies are required to unravel the factors regulating VTV biogenesis.
That the VTV is different from protein transport vesicle is revealed by detailed biochemical and morphological studies. 58 As defined by their cargo, VTVs were expected to have a lighter buoyant density as compared to protein transport vesicle because of VLDL-triglycerides. Our data showing that VTV distributed in light density fractions whereas protein transport vesicle appeared in relatively denser fractions in the same continuous sucrose density gradient substantiated this speculation. Electron microscopic studies revealed that VTVs were larger in size (100-120 nm in diameter) than protein transport vesicles (55-70 nm in diameter). 58 Other biochemical data suggested differences in protein composition of both types of ER-derived vesicles. The Figure depicts the current model for the ERto-Golgi transport of proteins and lipoproteins in primary hepatocytes.
Fusion of VtV with Golgi
The next task of newly formed VTVs present in the cytosol is to dock and fuse with their target membranes, the cis-Golgi, in order to deliver their special cargo, the VLDL. How are VTVs targeted to and fuse with their cognate cis-Golgi membranes? In their seminal work, Rothman and associates proposed a general mechanism in which specific soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins facilitate the targeting, docking, and fusion of transport vesicles with their specific target membranes. [66] [67] [68] [69] [70] [71] These SNAREs are type II integral membrane proteins, which are generally present on transport vesicles (v-SNAREs) and their target membranes (t-SNAREs). 66 Structurally, each SNARE protein has a characteristic SNARE motif, which is composed of heptad repeats of approximately 60 to 70 amino acid stretch. 72 Based on the crystal structure obtained for the SNARE-complex involved in the synaptic exocytosis, Fasshauer and coworkers suggested the presence of a "0" layer or iconic layer of amino acids present at the center of the fusion complex. 73 The iconic or "0" layer contains 1 arginine (R) and 3 glutamine (Q) residues. Based on the presence of R or Q residues at the center of the fusion complex, SNAREs were reclassified as R-SNARE (localized to vesicles) and Q-SNAREs (localized to target membranes). 73 The Q-SNAREs are further classified into Qa-, Qb-, and Qc-SNARE proteins. Interaction of 1 R-SNARE and 3 Q-SNAREs (Qa, Qb and Qc) leads to the formation of a SNARE complex also termed as SNAREpin. 74 A SNAREpin can bring the 2 membranes into close proximity and initiate the fusion process. 74 In humans, there are 36 members in the SNARE super family, which are involved in a variety of intracellular transport events. 70 Different combinations of SNARE proteins form a number of 4-membered a-helix coiled-coil structures or SNAREpins that facilitate the docking and fusion of different types of vesicles with their cognate target membranes. The composition of a SNAREpin or SNARE complex varies in diverse intracellular transport events and thus provides specificity. In mammalian cells, there are 3 v-SNARE proteins (Sec22b, vesicle-associated membrane protein 7 [VAMP7], and Ykt6), which have been actively involved in ER-to-Golgi transport of lipoproteins and proteins. [75] [76] [77] [78] [79] [80] These 3 v-SNARE proteins form different SNAREpins (or SNARE complexes) with their cognate t-SNAREs localized to the cis-Golgi membranes. Because VTVs appeared to be different from other ER-derived vesicles in their morphology and biochemical composition, a distinct fusion module was expected to be involved in their targeting to and fusion with hepatic cis-Golgi. Studies to delineate the fusion event between VTV and cis-Golgi at the molecular level suggested that Sec22b serves as v-SNARE for the VTV. 81 To observe the SNARE complex formation, an in vitro VTV-Golgi docking assay was developed that furnished favorable conditions for SNARE complex formation but prevented the fusion event. 81 Using Sec22b as bait, a SNARE complex required for VTV-Golgi fusion was isolated and all components of the complex were identified. Sec22b on VTV forms a distinct SNARE complex with 3 t-SNAREs GOS28, Syntaxin5, and rBet1 present on the surface of hepatic cis-Golgi. 81 This SNARE complex represents the fourth physiologically active complex so far identified for ER-to-Golgi transport of proteins and lipoproteins. Each component of this SNARE complex was demonstrated to be functionally active as the blocking of any component of the complex resulted in significant inhibition of VTV-Golgi fusion and thus VLDL delivery to the Golgi. Lipoproteins of small intestinal origin, chylomicrons, use VAMP7 as a v-SNARE, 79, 80 which forms a unique SNARE complex for their export from the ER to the Golgi supporting the notion that it is the composition of a SNARE complex or SNAREpin that provides specificity.
The clinical significance of SNARE proteins has recently been shown by the increased expression of VAMP7 in PCTV in insulin-resistant state. 63 However, nothing is known so far how insulin resistance affects the SNARE proteins required for the VTV-mediated delivery of nascent VLDLs to the Golgi.
intra-Golgi processing of VLdL and Post-Golgi trafficking
Once nascent VLDLs are delivered to the Golgi lumen by VTVs, several indispensible modifications occur to VLDL particles. Their structural protein apoB100 gets further glycosylated as demonstrated by the Yao group. 82 ApoB100 immunoprecipitated from the Golgi has been shown to be endoglycosidase H-resistant indicating the addition of complex sugar moieties. 58, 82 Additionally, phosphorylation of nascent tiwari and siddiqi intracellular VLdL trafficking 1083 VLDL-apoB100 occurs in the Golgi lumen. 83 Interestingly, nascent VLDL particles exiting the ER in VTVs do not have apoAI, 84 however, new unpublished data from our laboratory suggest that post-Golgi VLDL particles contain apoAI indicating a possibility of apoAI acquisition by VLDL in Golgi lumen. If this is the case, a question arises why apoAI is added to VLDL in the Golgi? Further investigation is required to address this issue. Current data, showing apoAI is not present in VTV, indicate the possibility of an alternative transport mechanism for apoAI, which is consistent with previous reports suggesting that apoB and apoAI are transported from the ER to the Golgi separately. [84] [85] [86] Although the exact mechanism of how apoAI is being transported to the Golgi is not known, it is likely that newly synthesized apoAI is exported from the ER to the Golgi in PTV. Another, perhaps the most important yet most debatable, intra-Golgi modification of VLDLs is their additional lipidation. Elegant studies by several independent groups support this transformation, however, equally excellent data from other groups challenge additional VLDL lipidation in Golgi lumen. 9, [87] [88] [89] [90] [91] [92] [93] [94] Obviously this important process demands further investigation. Not much is known about the post-Golgi transport of VLDL. Our laboratory has just begun investigating this crucial step. It is believed that another specialized post-Golgi vesicle carries the VLDL to the plasma membrane. One possibility is that this secretory post-Golgi vesicle contains several VLDL particles because electron microscopic data suggest that in small intestine, the post-Golgi vesicles transport several chylomicrons to basolateral membrane. 95
VtV Versus PCtV
In the mammalian system, liver and small intestine are the principal organs that produce apoB-containing lipoproteins-VLDL and chylomicrons, respectively. These lipoproteins are synthesized in the ER and transported to the Golgi. This transport is the rate-determining step in their secretion. Both VLDL and chylomicrons possess substantial similarities but are exported to the Golgi in distinct vesicles (VTV and PCTV, respectively) and their ER-exit follows entirely different paradigms. 58, 59 The biogenesis of VTV and PCTV are fundamentally different in their requirement for GTP and COPII proteins. As discussed above, the formation of VTVs from the hepatic ER membranes is GTP and COPII-dependent, whereas PCTVs do not require either GTP or COPII proteins for their generation from intestinal ER membranes. 59, 96 Immunodepletion of Sar1 from the hepatic cytosol does not support VTV formation. 58 In contrast, Sar1depleted intestinal cytosol enhances PCTV-budding several fold. Because PCTVs do not use COPII proteins for their generation, it was immediately proposed that they might use a novel budding-complex of cytosolic proteins. Using sequential column-chromatography and fast protein liquid chromatography techniques, our group isolated a multiprotein complex that has been demonstrated to be sufficient to form bona fide PCTV. This unique budding-complex contains 9 proteins, namely VAMP7, apoB48, liver fatty acid-binding protein, and CD36 in addition to the 5 COPII proteins. 89 Liver fatty acid-binding protein has been shown to be the minimal requirement to form the PCTV from the small intestinal ER; however, these PCTVs were unable to fuse with small intestinal Golgi. 96, 98 The differences between VTV and PCTV are not confined to their biogenesis but are extended to the next step of vesicle-Golgi fusion. 80, 81 It appears that both VTV and PCTV use different sets of SNARE proteins to form distinct SNARE complexes for their fusion with the cis-Golgi. 80, 81 The PCTVs use VAMP7, a protein heavily involved in post-Golgi protein transport event, as their v-SNARE. In contrast, VTVs do not contain VAMP7 but use Sec22b instead as their v-SNARE. A number of differences between VTV and PCTV are summarized in the Table.
Conclusions
The liver experiences intermittent fluxes of free fatty acids from a variety of sources and much of these are converted to triglycerides at the level of the ER. A major portion of triglycerides synthesized de novo is used for the formation of liver specific lipoproteins, the VLDL, in the lumen of the ER. The site of VLDL maturation, however, remains a subject of debate and necessitates further investigations. The movement of nascent VLDLs from the site of their genesis, the ER, to the Golgi is imperative for their eventual secretion and is facilitated by a specialized transport vesicle, the VTV. Several questions remain to be answered at each step of the intracellular transport of the VLDL. For example, how is VLDL sorted for packaging into VTV? Also, are there unidentified homologs of COPII proteins involved in VTV-formation that form a larger vesicle? It is likely that the liver uses vesicle-associated proteins in unique ways to bud VTV from the ER membrane and to select its specific cargo. It has been previously proposed that diverse signals or adapter proteins are required for inclusion of specific cargo into transport vesicles. Why should VTV vesicle generation require a unique system for its formation? One possibility is that VTV generation varies with the availability of triglycerides for transport in VLDL, whereas protein vesicle formation is more constant. In this event, by having a unique mechanism for VTV budding, there might be less competition for the proteins required for protein transport vesicle formation and thus their formation would remain uninterrupted. 
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